ABSTRACT: An efficient copper-catalyzed carbenoid insertion reaction of α-diazo carbonyl compounds into Si-H and S-H bonds was developed. A wide range of α-silylesters and α-thioesters was obtained in high yields (up to 98%) from α-diazoesters using 5 mol % of a simple copper(I) salt as catalyst. Using 0.05 mol % of the same catalyst, α-diazoketones led to α-silylketones in low to good yields (up to 70%).
INTRODUCTION
Metal-catalyzed reactions of diazo compounds have been commonly used in organic synthesis. 1 The resulting metal-carbenoid intermediates are capable of undergoing a broad range of reactions, sometimes ideal for initiating cascade sequences leading to the rapid generation of structural complexity. 2 Diazo compounds, which are commonly used as carbene precursors, have been diazoesters involve rhodium complexes, we focused here on an efficient and green metal catalytic system to probe the reactivity of α-diazoesters and α-diazoketones into Si-H and S-H bonds.
Scheme 1. General scheme for Si-H and S-H insertion reactions using α-diazoesters and α-

diazoketones
RESULTS AND DISCUSSION
The reaction of α-diazophenylacetate 1a and triethylsilane in dichloromethane was first examined at room temperature with [(CH 3 CN) 4 Cu]PF 6 as catalyst. The reaction was complete within 0.1 h at 25 ºC and the Si-H insertion product was obtained in 68% yield (Table 1 , entry 1). By using a slow addition protocol, the yield was improved to 85% within 0.5 h at 25 ºC (Table 1, entry 2). Using the same reaction conditions, different copper sources such as Cu(OTf) 2, [Cu(OTf)]2·PhMe and CuCl were tested but none of them afforded the same reactivity as [(CH 3 CN) 4 Cu]PF 6 (Table 1 , entries 3-5). No conversion was obtained using Cu(OAc)2 (Table 1, entry 6). We checked the solubility of all copper catalysts used in this study. All copper salts have shown high solubility in dichloromethane, except Cu(OAc)2, which is scarcely used in diazo decomposition reactions anyway. [Cu(OTf)]2·PhH led to a decreased yield but because of increased dimerization pathway. Consequently, the observed reactivity is not thought to be influenced by any solubility issue. By decreasing the temperature to 0 ºC, -10 and -20 ºC, the yield was improved by using slow addition of α-diazophenylacetate, with the compromise of a longer reac- (Table 1 , entries 7-9). A catalyst loading of 5 mol % was effective, whereas the product was formed in lower yield when the catalytic loading was decreased to 2 mol % ( Table 1 , entries [10] [11] [12] [13] . Once the slow addition protocol had been established, [(CH 3 CN) 4 Cu]PF 6 (5 mol %) was selected for further studies, because it appeared superior to other copper catalysts. Next, the effects of various solvents were studied on the efficiency of the insertion reaction.
Chloroform, 1,2-dichloroethane and toluene were all suitable solvents and moderate to very good yields were obtained ( Table 2 , entries 1-3). When the reaction was run in polar, coordinating solvents, such as THF, the conversion was lower and the reaction time was extended, whereas acetonitrile led to a good yield (Table 2 , entries 4 and 5). Diethyl ether and hexane afforded low yields ( Table 2 , entries 6 and 7); dimethylcarbonate led to more diazo dimerization into the tetrasubstituted olefin after subsequent irreversible extrusion of nitrogen and coupling ( Table 2, entry 8). However, none of these solvents gave results superior to dichloromethane, which was consequently chosen in further studies. Other silanes, such as phenyldimethylsilane, triphenylsilane and diphenylmethylsilane were also successfully used in this transformation, affording the desired α-silylesters in moderate to high yields ( Table 2 , entries 9-11).
A variety of α-diazoesters were examined to expand the scope of the substrates used for the Si-H insertion reaction with triethylsilane, run under the optimal reaction conditions. All substrates reacted to produce the corresponding α-silylesters in very good to excellent yields (Scheme 2, 2b-m; 85-98%), regardless of the nature and position of the substituents on the phenyl ring of the α-diazoesters (Scheme 2, 2b-m). However, the reactivity of the substrate was influenced by the electronic properties of substituents on the phenyl ring of the α-diazoarylacetates. α-Diazoarylacetates containing electron-donating groups such as methyl and methoxy (Scheme 2, 2b-d) required shorter reaction time to reach complete conversion and high yields. However, α-diazoarylacetates containing electron-withdrawing groups, such as Br, F, Cl (Scheme 2, 2e-k), required an increased reaction time to reach complete conversion.
Scheme 2. Copper-catalyzed Si-H insertion reaction of methyl α-diazoarylacetate
a a Reaction conditions: [(CH 3 CN) 4 Cu]PF 6 (5 mol %), Et3SiH (1 mmol), α-diazoarylacetate (0.5 mmol), CH2Cl2 (1 mL), -10 °C.
[(CH 3 CN) 4 Cu]PF 6 proved to be an efficient catalyst for α-diazoester insertion reactions into the S-H bond as well. The substrate and scope of α-diazoester were next investigated for this reaction. The S-H bond insertion reactions of benzyl mercaptan and various substituted thiophenols with different α-diazoesters were run under the optimal reaction conditions using 5 mol % of [(CH 3 CN) 4 Cu]PF 6 in dichloromethane at room temperature (Scheme 3). High yields were obtained using substituted thiophenols containing electron-donating groups, such as methyl and methoxy, and electron-withdrawing groups in the para-position such as Cl (Scheme 3, 3d-3f). Good yields were also obtained using substituted α-diazoester substrates containing electron-donating groups and electron-withdrawing groups in S-H bond reaction (Scheme 3, 3g-3j). The intramolecular cyclopropanation reaction of α-phenyldiazoacetate (1n) using [(CH 3 CN) 4 Cu]PF 6 as catalyst was also examined. 27 Cyclopropane 7 was formed in a 59% yield when the reaction was performed at 25 °C without a silane. A variety of α-diazoketones (Scheme 6, eq. a, 8a-g) were studied as substrates for the Si-H insertion reaction with triethylsilane. After screening, the optimal conditions found for the synthesis of the α-silylketones involved a very low catalyst loading (0.05 mol %) of [(CH 3 CN) 4 Cu]PF 6 using 5 equiv of triethylsilane in dichloromethane at room temperature. Using a higher amount of the catalyst or less than 5 equiv of triethylsilane increased the formation of the undesired dimerization alkene product. All substrates afforded the corresponding α-silylketones 9a-g in poor to good yields (Scheme 6, eq. a, 26-70%). α-Diazophenylketone 8a was the most reactive, giving 70% of insertion product (C-silylated product). α-Diazophenylketone 8f gave 61% of insertion product (C-silylated product) and 12% yield of the corresponding silyl enol ether (Osilylated product). Between 1-5% of the O-silylated products were isolated using the other α-diazoketones. However, the reactivity of the substrate was influenced by the electronic properties of substituents on the phenyl ring of the α-diazoketones. α-Diazoketones containing electron-donating groups such as methyl and dioxolane group led to the silylated product in higher yields (Scheme 6, 9b and 9e) than α-diazoketones containing electron-withdrawing groups such as F and Cl (Scheme 6, eq. a, 9c and 9d). Only traces of α-silylketone were obtained using 2-diazo-1-phenylbutan-1-one (8h) as substrate and gave 1-phenyl-2-buten-1-one (9h') (E/Z = 1:0.03) as undesired product (Scheme 6, eq. b, 45% yield). The preparation of unsaturated carbonyl compounds through b-hydride elimination of a-diazo carbonyl derivatives has already been disclosed in the literature. 28 Moreover, in an attempt of running a competition experiment using an adiazoketone vs. an a-diazoester (Scheme 4), the reaction of α-diazoketone (8a) with tri-
[(CH 3 CN) 4 ethylsilane and styrene under Cu(I) catalysis only afforded the product of Si-H insertion without any traces of cyclopropanation.
The obtained α-silylesters 2 can readily be used and transformed into other useful products. α-Silylester 2a was converted into α-hydroxylester 10, using MCPBA as an oxidant (Scheme 7, eq. a). 29 A Peterson elimination of 2a allowed the conversion in two steps into the corresponding α-alkylated-α,β-unsaturated ester 11 via the silylation condensation-elimination sequence shown in Scheme 7, eq. a. 30 Synthesis of allylsilane 16 was also performed starting from a-hydroxy silane 
CONCLUSION
To sum up, we have successfully developed an efficient copper-catalyzed protocol for the carbenoid insertion reaction of α-diazoesters and α-diazoketones into Si-H and S-H bonds. By using [(CH 3 CN) 4 Cu]PF 6 , a wide range of α-silylesters were synthesized in good to excellent yields using this catalyst. For the first time, the insertion of α-diazoketones into Si-H bonds using the same catalyst, though in much lower loading, has been reported. The desired products were obtained in excellent yields using low catalytic loadings, i.e. 5 mol % for α-silylesters and 0.05 mol % for α-silylketones, and short reaction times. This catalyst has been shown to be efficient for carbenoid insertion into S-H bond in high yields as well. Further developments will be reported in due course. Preparation of p-tosyl azide. 33 To a flask of 100 mL, a solution of sodium azide (2.86 g, 44 mmol) in water (12 mL) and acetone (20 mL) was rapidly added a solution of ptoluenesulfonylchloride (7.62 g, 40 mmol) in acetone (20 mL Preparation of methanesulfonyl azide. 33 To a flask of 500 mL, a solution of sodium azide (17 g, 0.26 mol) in water (100 mL) and acetone (160 mL) at 0 °C was added dropwise methanesulfonyl chloride (6.8 mL, 0.17 mol). After stirring at room temperature for 15 h, acetone was evaporated under reduced pressure (bath temperature 35 ºC), the residue was extracted with CH2Cl2 (3 x 75 mL), washed with water (2 x 35 mL), dried over MgSO4 and concentrated under reduced pressure (bath temperature 35 ºC) to give compound as a colorless oil (7.78 g, 0.064 mol, 98%). 1 H NMR (400 MHz, CDCl3) δH 3.25 (s, 3H) 13 C{H} NMR (100 MHz, CDCl3): δC 42.8 ppm.
General procedure for preparation of α-diazoesters. 17 To a mixture of ester (10 mmol Methyl α-diazophenylacetate (1a). 17 The product was obtained as a red oil ( 
Methyl α-(2-chlorophenyl)-α-triethylsilylacetate (2i)
. 13 The product was obtained as a colorless 4 Cu]PF 6 (9.32 mg, 0.025 mmol, 5 mol %) was diluted in CH2Cl2 (0.5 mL) at room temperature. The thiol (1 mmol) was then introduced dropwise into the mixture.
Methyl α-(4-bromophenyl)-α-triethylsilylacetate (2j
Methyl α-diazoacetate (0.5 mmol), diluted in CH2Cl2 (0.5 mL), was added dropwise over 1 h using a syringe pump. The mixture was stirred for the specified time and subsequently filtered through celite and evaporated under reduced pressure (rotary evaporator). The residue was purified by flash chromatography (Hexane/EtOAc) to afford the product.
Methyl 2-(benzylthio)-2-phenylacetate (3a)
. 35 The product was obtained as a colorless oil (116 mg, 0.42 mmol, 85% yield). 1 
Methyl 2-(benzylthio)-2-(4-chlorophenyl)-acetate (3b)
. 35 The product was obtained as a colorless 
Methyl 2-((4-methoxyphenyl)thio)-2-phenylacetate (3d)
. 35 The product was obtained as a colorless Allyl 2-phenylacetate (6) . 39 The product was obtained as a colorless oil (1.67 g, 9.48 mmol, 95% yield and ethyl formate (1.32 g, 17.79 mmol) in anhydrous diethyl ether (2 mL) was added dropwise.
Methyl 2-((4-chlorophenyl)thio)-2-phenylacetate (3e
Methyl 2-phenyl-2-(p-tolylthio)acetate (3f
Methyl 2-(phenylthio)-2-(p-tolyl)acetate (3h
Methyl 2-(4-chlorophenyl)-2-(phenylthio)acetate (3i
Methyl 2-(4-bromophenyl)-2-(phenylthio)acetate (3j
The mixture was stirred for 3 h at 0 °C, then 12 h at room temperature. Then, a solution of methanesulfonyl azide (2.15 g, 17.79 mmol) in anhydrous diethyl ether (5 mL) was added dropwise and the mixture was stirred another 2h. The mixture was quenched with water (2 mL), then the organic phases were washed with a solution of 10% NaOH in water. The organic phases were extracted with diethyl ether (2 x 25 mL) and the organic phases were combined, dried over MgSO4 and evaporated under reduced pressure (temperature 30 °C). The crude product was purified on flash chromatography (Hexane/EtOAc). (0.5 mL) at room temperature. The triethylsilane (504 µL, 363.3 mg, 3 mmol) was then introduced into the mixture. Methyl α-diazoketone (0.6 mmol), diluted in CH2Cl2 (0.6 mL), and was added dropwise over 1.5 h using a syringe pump. The mixture was stirred for the specified time and subsequently filtered through celite and evaporated under reduce pressure (rotary evaporator). The residue was purified by flash chromatography to afford the product. 4Å Molecular sieves (50 mg) was used to form C-silylated product 9a, 9b, 9f and 9g. 
2-Diazo-1-phenylpropan-1-one (8a
1-Phenyl-2-(triethylsilyl)propan-1-one (9a
1-(4-Fluorophenyl)-2-(triethylsilyl)propan-1-one (9d
1-Phenyl-1-(triethylsilyl)propan-2-one (9g
